INTRODUCTION
The osteoclast-driven process of bone resorption and osteoblast-driven process of bone formation are critical to the maintenance of bone mass (Sanchez-Fernandez et al., 2008; Nakamura et al., 2012) . Osteoclasts are cells that originate from hematopoietic precursors of the monocyte-macrophage lineage and are the only cells able to resorb bone matrix Jansen et al., 2012) . Overly active osteoclasts can cause pathologic destruction of bone matrix and may induce bone metabolism disorders (Hotokezaka et al., 2002; Henriksen et al., 2011) . The osteoprotegerin (OPG)/receptor activator of NF-κB ligand (RANKL)/receptor activator of the NF-κB (RANK) axis plays an important role in the regulation of bone remodeling (Hofbauer et al., 2004; Santini et al., 2011) . The RANKL (predominantly produced by osteoblasts and stromal cells) binds to and activates RANK, a receptor located on the surface of mature osteoclasts and osteoclast precursors that triggers differentiation and subsequent activation of osteoclasts (Boyce and Xing, 2008) . Osteoprotegerin is a secreted protein belonging to the tumor necrosis factor (TNF) receptor family and is involved in regulating bone density (Simonet et al., 1997) . OPG is a soluble decoy receptor for RANKL and is a competitive inhibitor of RANK (Clezardin, 2011) . Thus, OPG exerts an inhibitory influence on the maturation and activation of osteoclasts mediated by RANK signaling both in vitro and in vivo (Simonet et al., 1997) . In addition, OPG may directly enhance apoptosis of osteoclasts (Xing and Boyce, 2005) .
Osteoclasts are more widely available and rapid resorbers in birds compared with their mammalian homologs (Jones et al., 1986; Gay, 1991) . There are 3 phases of avian life cycle in which osteoclasts are numerous, including the late-stage of embryonic development (Gay, 1991) . A relatively large number of osteoclasts can be easily obtained from avian embryos for research in vitro. To date, the majority of studies on the effects of OPG were conducted on osteoclasts obtained from Influence of osteoprotegerin on differentiation, activation, and apoptosis of Gaoyou duck embryo osteoclasts in vitro mammals, and we are unaware of any similar studies on duck embryo osteoclasts. Based on discoveries in mammalian osteoclasts, we hypothesized that OPG may affect the differentiation, activation, and apoptosis of duck embryo osteoclasts. Therefore, we designed this study to investigate the effects of OPG on Gaoyou duck embryo osteoclasts. Birds are susceptible to bone abnormalities under the conditions of modern, high-yield poultry farming, and these conditions can cause severe economic losses (Rath et al., 1999 (Rath et al., , 2000 Sahin et al., 2006) . Therapeutic strategies to mitigate these conditions and the potential for economic losses are urgently needed. To our knowledge, this is the first study to investigate the effects of OPG on the characteristics and functions (particularly apoptosis) of duck embryo osteoclasts. The purpose of this work was to determine the OPG treatment potential to abnormal duck embryo osteoclasts bone resorption activity.
MATERIALS AND METHODS

Birds
Healthy 23-d-old Gaoyou duck embryos were kindly provided by Jiangsu Waterfowl Gene Pool of Quality Resources and killed by exsanguination (Jiangsu Province Posts Certificate of Experimental Animal Practitioners: Number 203118).
Cell Culture and Treatment
Bone marrow cells were harvested from duck embryos as previously described (Gu et al., 2009) . Briefly, the surface of duck embryos was sterilized by 75% alcohol; then, the tibiae and femora were dissected free of adhering soft tissue and both epiphyses were cut off. Bones were dissected longitudinally and the medial wall of marrow cavities was repeatedly scraped by scalpel followed by rinsing with α-MEM (Invitrogen, Carlsbad, CA) supplemented with 100 U of penicillin/mL, 100 μg of streptomycin/mL, and 2 mmol of l-glutamine/L without FBS. Bone marrow cells were centrifuged at 200 × g for 5 min at room temperature and then resuspended in α-MEM supplemented with 100 U of penicillin/mL, 100 μg of streptomycin/mL, 2 mmol of lglutamine/L, and 15% vol/vol FBS (Invitrogen). Cells were adjusted to a concentration of 1 × 10 6 cells/mL in media and transferred into 12-and 48-well cell culture plates. Some 48-well cell culture plates contained bovine cortical bone slices. After 2 d of incubation, cell culture medium was removed and replaced with fresh medium with either no added factors (control group, group A) or 30 ng/mL (group B) and 100 ng/mL (group C) OPG (Peprotech Inc., Rocky Hill, NJ). Cells were incubated for 1, 3, 5, 7, 11, and 18 d after adding these factors. Medium with or without these factors was renewed every 2 d as appropriate. Cells were observed using an inverted phase contrast microscope (DMI 3000 B, Leica, Solms, Hessen, Germany).
Osteoclast Tartrate-Resistant Acid Phosphatase Staining Assay
Tartrate-resistant acid phosphatase (TRAP; Acid Phosphatase Kit 387-A, Sigma-Aldrich, St. Louis, MO) staining was performed on bone marrow cells after incubation with or without OPG for 1, 3, 5, 7, 11, and 18 d Mukherjee and Rotwein, 2012) . Briefly, cells were washed with cold PBS and fixed with 4% formaldehyde for 10 min. After washing with PBS, the cells were stained and the total number of TRAPpositive multinucleated cells (≥3 nuclei) were counted under an inverted phase contrast microscope.
Analysis of Pit Formation
Bovine cortical bone slices were cocultured with bone marrow cells and incubated for 1, 3, 5, 7, 11, and 18 d in the presence or absence of the indicated concentrations of OPG. For the indicated incubation periods, the remaining cells were washed away by PBS and slices were placed in 0.25 mol of NH 4 OH/L. Slices were sonicated for 15 min and rinsed in PBS. They were then dehydrated, dried under vacuum, gilded by ion spatter, and examined by scanning electron microscopy (XL30-ESEM, Philips, Amsterdam, Noord-Holland, Holland). The pit formation area on bone slices was measured by image analysis (version 1.0, JEDA; Aldridge et al., 2005) .
Filamentous-Actin and Nuclei Staining
Tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (Invitrogen) was used to label filamentous (F)-actin and cell nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich). Bone marrow cells were treated with or without various concentrations of OPG for 1, 3, 5, 7, 11, and 18 d. At each time point, cell samples were collected, washed twice by PBS, and fixed with 4% formaldehyde for 10 min. Fixed cells were washed 2 or more times with PBS and then permeabilized by Triton X-100 (0.1% vol/vol; Sigma-Aldrich) for 5 min followed by an additional 2 or more washes with PBS. Next, they were blocked in 1% BSA for 30 min and stained with Hoechst 33258 (50 μmol/L) and TRITC-conjugated phalloidin (20 μmol/L) for 20 min protected from light. Stained cells were analyzed under an inverted phase contrast fluorescence microscope (DMI 3000B, Leica) with appropriate filters (Yip et al., 2004) .
Statistical Analysis
Differences between groups were tested for statistical significance by both 1-and 2-way ANOVA followed by Tukey's post-hoc tests. Data were expressed as the mean ± SEM; statistical significance was set at P < 0.05.
RESULTS
Inhibitory Effect of OPG on the Number of Gaoyou Duck Embryo Osteoclasts
Osteoclasts in the duck embryo bone marrow cells system attached to the bottom of cell culture plate after 2 to 3 h of incubation in vitro. The TRAP-positive cells showed red deposits, pseudopods, clear zone, and nuclei with various shapes and sizes and morphology that changed during different incubation stages (Figure 1a) . The number of osteoclasts was significantly decreased by the different concentrations of OPG (2-way ANO-VA, P < 0.01) in a concentration-dependent manner. The number of TRAP-positive cells was significantly lower in group C (100 ng of OPG/mL) when compared with group A (P < 0.05), with counts that were reduction of 51.44 ± 7.01%, 57.61 ± 7.29%, 47.45 ± 14.12%, 59 ± 6.16%, 73.67 ± 1.47%, and 62.11 ± 10.63% relative to the control group on d 1, 3, 5, 7, 11, and 18, respectively. The number of TRAP-positive cells was lower in group B at d 3 and 7 compared with group A (P < 0.05; Figure 1b) , showing reductions of 28.32 ± 12.48% and 23.13 ± 3.57%, respectively, relative to untreated controls. However, no significant differences were observed between groups A and B on d 1, 5, or 11, and the number of TRAP-positive cells in group B significantly increased compared with group A on d 18 (P < 0.05). In addition, the number of TRAP-positive cells was lower in group C compared with group B on d 3, 7, 11, and 18 (P < 0.05). These results indicated that OPG played a critical role in inhibiting the formation of TRAP-positive cells, especially the high OPG concentration of 100 ng/mL.
Analysis by 2-way ANOVA revealed that the number of osteoclasts was significantly reduced by the treatment time with OPG (P < 0.01). The number of TRAP-positive cells gradually increased in all 3 groups from d 1 to 7, peaking on d 7. Thereafter, the cell number declined from d 11 to 18 (Figure 1b) . The number of TRAPpositive cells in group C was not significantly different with OPG for 3, 5, or 7 d. These results suggested that OPG inhibited the formation of TRAP-positive cells at the terminal stage and reduced the number of mature osteoclasts. Furthermore, 2-way ANOVA indicated that the interaction of OPG concentration and treatment time significantly decreased osteoclast number (P < 0.01).
OPG Regulated Pit Formation by Osteoclasts
Many different depths of pit formation were observed on bone slices with scanning electron microscopy, appearing as irregular shapes (Figure 2a) . The area of pit formation was cumulatively calculated over the incubation course. The OPG inhibited the resorptive activity of osteoclasts to a certain extent. The total volume of pit formations in groups B and C was significantly lower than the volume in group A (P < 0.05; Figure  2b ). The net expansion of pit formation area reflected the activity of osteoclasts over each experimental time course (Figure 2c ). Two-way ANOVA identified highly significant treatment concentration and time effects of OPG on osteoclast bone resorption ability (P < 0.01). The net expansion pit formations area in groups B and C were lower compared with group A. In all 3 groups, the net expansions of pit formation area gradually accelerated at d 1, 3, 5, and 7, whereas it slowed at d 11 and 18; peak expansion was observed on d 7. The areas at other time points were all significantly lower than the d 7 peak (P < 0.05). These results paralleled observations by TRAP staining. Two-way ANOVA also showed that osteoclast bone resorption ability was significantly weakened by the interaction of OPG concentration and treatment time (P < 0.01).
OPG Reduced the F-Actin Rings and Changed the Morphology of Nuclei in Osteoclasts
The TRITC-phalloidin staining for F-actin enabled visualization of sealing rings in osteoclasts. After OPG treatment for 1, 3, and 5 d, the sealing F-actin rings were relatively strongly expressed in group A and were almost identical to group B and C. However, F-actin rings were damaged when cells were cultured with OPG (group B and C) for 7 d compared with rings in group A. Furthermore, these rings were thinned and disrupted in the later stage of apoptosis (18 d treatment; Figure 3) . Morphological changes in nuclei may reflect the chromatin of apoptotic cells as detected by Hoechst 33258 staining. Nuclei of normal osteoclasts were integrated and had low apparent fluorescence intensity. Nuclei were not qualitatively different between OPG treatment groups (group B and C) and group A in the early stage of apoptosis (from d 1 to 5). Following OPG treatment for 7 and 18 d, nuclei in groups B and C were pyknotic and fragmented while chromatin was condensed (Figure 3 ).
DISCUSSION
Gaoyou duck embryo osteoclasts had irregular or elliptical shapes, and exhibited red deposits, pseudopods, clear zone, and multiple nuclei. Their morphological characteristics were consistent with osteoclasts isolated from Muscovy Ducks (Gu et al., 2009 ) and mammals (Chambers and Magnus, 1982) . However, Gu et al. (2009) cells peaked on d 7; this variation tendency was similar to results obtained using mouse bone marrow cells in culture (Akatsu et al., 1998) . Some mature osteoclasts were mechanically damaged during isolation, but soon afterward they recovered and gradually spread during in vitro incubation. As mentioned above, RANKL promoted the fusion of osteoclast precursors in the Gaoyou duck embryo bone marrow cell system. Consequently, the number of TRAP-positive cells increased from d 1 to 7 of incubation. However, OPG combined with RANKL inhibited the formation of osteoclasts (Boyce and Xing, 2007) , so that the number of osteoclasts in Figure 3 . Effect of osteoprotegerin (OPG) on the filamentous (F)-actin rings and nuclei of osteoclasts. Gaoyou duck embryo bone marrow cells were incubated with OPG (30 and 100 ng/mL) for 1, 3, 5, 7, 11, and 18 d. At the indicated time points, F-actin was stained with tetramethylrhodamine isothiocyanate (TRITC)-Phalloidin and nuclei were stained with Hoechst 33258. a) In OPG (for 7 d) treatment groups, F-actin ring formation was suppressed and nuclei were hyperchromatic, whereas F-actin was intact and nuclei were regular with hypofluorescence in the control group. b) After 18 d, OPG promoted osteoclast apoptosis. F-Actin were destroyed, nuclei were crescent with hyperfluorescence, and some were fragmented. Apoptosis also developed in the control group after long-term cultures in vitro. Original magnification 400×. Bar = 100 μm. Color version available in the online PDF.
group C increased slightly on d 3, 5, and 7. The disappearance of osteoclasts was induced by apoptosis, which usually began after cessation of their resorptive activity (Hughes and Boyce, 1997) . In addition, OPG can directly induce the apoptosis of mature osteoclasts (Shiotani et al., 2002) . Contact inhibition can also be caused by the excessive spread of mature osteoclasts (Vesely et al., 1992) . These findings explained why the number of TRAP-positive cells declined during OPG treatment between 11 and 18 d. The effects of contact inhibition and apoptosis likely affected the survival of osteoclasts in control groups more severely than OPG treatment groups. Therefore, the number of TRAP-positive cells in group B was higher compared with group A on d 18.
Pit formation is the most consistent hallmark of osteoclasts (Hughes et al., 1995) . Pit formations were eroded by Gaoyou duck embryo osteoclasts and resembled the excavation of chick osteoclasts on bovine cortical bone slices (Arnett and Dempster, 1987; Wang et al., 2008) . The resorption activity of Gaoyou duck embryo osteoclasts was also more vigorous compared with osteoclasts from 5-d-old Muscovy Ducks (Gu et al., 2009 ). In the OPG-treated groups, the total volume of pit formation was lower due to the lower number of mature osteoclasts. To some extent, osteoclast differentiation regulates bone resorptive activity (Huang et al., 2007) . The net expansion of pit formation area was representative of the resorptive activity of the osteoclasts in each experimental culture. The maximum net expansion of pit formation area was determined on bone slices that were cocultured with duck embryo osteoclasts for 7 d in all 3 groups, and these results were in agreement with TRAP staining.
In this study, F-actin rings appeared as red fluorescence from phalloidin staining, whereas nuclei appeared as blue fluorescence and more than 3 nuclei were observed. These findings were consistent with previous reports (Yoshida et al., 1998; Huang et al., 2007) . F-Actin rings are a vital cytoskeletal structure in osteoclasts, associated closely with their bone resorptive capacity (Sekine-Osajima et al., 2009) . To some degree, F-actin rings are considered functional markers of activated osteoclasts (Suda et al., 1997) . Roodman (1999) reported that OPG dose-dependently disrupted the formation of F-actin rings and that this phenomenon was observed after OPG treatment of the isolated osteoclasts for 6 h. This study asserted that the suppressive effect of OPG on bone resorption was consistent with its effect on F-actin rings in Gaoyou duck embryo osteoclasts. In OPG treatment groups, the formation of F-actin rings was hindered during osteoclast differentiation. Furthermore, rings collapsed in mature osteoclasts, particularly in 100 ng of OPG/mL groups. Isolated osteoclasts are feeble and readily die of apoptosis, which can be stimulated by many factors including OPG (Kobayashi et al., 2000; Shiotani et al., 2002) . In OPG-treated groups, morphological changes in nuclei were observed in apoptotic Gaoyou duck embryo osteoclasts, especially in the 100 ng of OPG/mL groups after long-term treatment (11 to 18 d). The morphology of nuclei in apoptotic osteoclasts was consistent with previous reports (Lion et al., 2009) . Simultaneously, apoptosis of osteoclasts was also found in group A after long-term cultivation, and these cells had attenuated F-actin rings and pyknotic and fragmented nuclei. The precise mechanism of OPG-stimulated apoptosis in Gaoyou duck embryo osteoclasts was not identified and therefore requires future investigation.
In conclusion, OPG inhibited the differentiation of Gaoyou duck embryo osteoclast precursors and downregulated the formation of F-actin rings. Osteoprotegerin suppressed their activation and enhanced the development of osteoclastic apoptosis, causing a decrease in number of TRAP-positive cells, disruption of F-actin rings and morphological changes in the nuclei.
